Creosote is used for preservation of railway ties and timbers, electric utility poles, marine and foundation piling, fences and garden furniture. Creosote-treated wood waste may cause potential contamination of soil and water if they are not disposed properly. Creosote contains over 300 organic compounds including polycyclic aromatic hydrocarbons, phenolic compounds and heterocyclic organic compounds, many of which are toxic to human and can cause damage to kidney, liver, eyes and skin. The feasibility of using a composting technique inoculated with the cellulose degrading actinomycetes Thermobifida fusca as a mesophilic/thermophilic bioremediation option to degrade phenolic compounds in creosote treated wood waste was evaluated. The temperature profile of bioremediation process clearly identified mesophilic and thermophilic phases in both experiments. Different degradation rates were observed in the mesophilic and thermophilic phases. Fluctuations of pH was observed in both experiment as the result of the breakdown of organic nitrogen to ammonium in the first week and the formation of organic acids and the loss of ammonium with the exhaust gases in the latter stage. The moisture content decreased in both trials because of the net loss of water with the exhaust gas. Both experiments achieved similar reductions in total carbon and TKN, volatile solids and phenolic compounds, cellulose and lignin indicating similar levels of microbial activities during the composting process. The stability and maturity of the final products were also similar. The inoculation of the cellu-lolytic-thermophilicactinomycetes Thermobifida fusca did not manifest observable differences in degrading cellulose, lignin and phenolic compounds compared with the control.
Introduction
Creosote has been the compound of choice for use as a wood preservative and waterproofing agent for railway ties, cross ties, bridge timbers, utility poles, marine and foundation piling and other outdoor agricultural and recreational facilities [1] [2] [3] [4] [5] . Because of its excellent fungicide and insecticide properties, the application of creosote significantly extend the service life of wood products for up to 30 years or more [6] . Bestari et al. [7] reported that the life expectancy of marine wood pilings was extended from 10 to 40 years and 75% of creosote was still left in the treated wood at the end of this period.
Depending on the sources and preparation procedures, the components of creosote may vary in concentration and types. Typically, creosote distilled from crude coke oven tar may consist of 75% of polycyclic aromatic hydrocarbons (PAHs), 2% -17% phenolic compounds, 10% -18% heterocyclic organic compounds and minor aromatic amines [3] . The presence of the toxic PAHs and phenolic compounds make creosote treated wood harmful for the environment at the end of its service life and direct or indirect human exposure to creosote treated wood may cause damage to kidney, liver, bladder, eyes and skin carcinogen [3] . Current disposal practices of creosote-treated wood waste such as incineration and landfill are problematic because of the release of components such as PAHs and furans and the possible migration of contaminants can cause soil, groundwater and surface water deterioration [4] . More than 300 organic compounds of creosote (polycyclic aromatic hydrocarbons, phenolic compounds and other heterocyclic organic compounds) are not easily degraded in the environment with the conventional disposal practice. Therefore, there is a need for an effective degradation technique for the pollutants in creosote-treated wood waste in order to minimize the disposal of wood waste in landfills and to convert the wood waste into value added product.
Composting of wood waste is a beneficial treatment option for creosote-treated wood waste as the wood substance can be converted into humus during these volumedecreasing processes of mineralization and humification. If the contaminants in the waste are properly degraded, the final value-added product can be used as a soil amendment [8] [9] [10] . The temperature of the composting process is important as it affects the microbial reaction rate and the activity of microorganisms. A stable product requires a long period of thermophilic phase (a temperature higher than 55˚C). Typically during the composting process, the thermophilic phase lasts no longer than 2 -3 days [11] [12] [13] . In order to accelerate the maturing process, a prolonged thermophilic phase is required. Given that mesophilic cellulolytic microorganisms would be severely deactivated under temperature higher than 37˚C, thermophilic fungi or bacteria would be better decomposers under elevated temperature environment [14] . Therefore, the inoculation of cellulolytic thermophilic microorganisms may help to achieve a fast bioremediation process.
Actinomycetes (bacteria which grow as branching hyphae) have an important role in carbon cycle because they have the ability to produce thermostable cellulolytic enzymes [15] and are well adapted to the penetration and degradation of organics such as lignocellulose [16] The thermophilicactinomycete, Thermobifida fusca, has been reported to produce cellulases that can hydrolyze the cellulose chain into cellobiose, glucose and intermediate oligosaccharides [17] and has also been used in several hydrocarbon bioremediation studies [18] [19] [20] . Tuncer et al. [16] found the optimum temperature for the extracellular lignocellulolytic enzyme produced by Thermobifida fusca BD25 to be 50˚C at a pH of 7.0 -8.0. Kleeberg et al. [18] reported 20-fold higher biodegradation of 1,4-butanediol, adipic acid, terephthalic acid and aliphatic-aromatic copolyesters in presence of Thermobifida fusca. Witt [19] reported 99.9% degradation of aliphatic-aromatic copolyesterEcoflex ® in presence of Thermobifida fusca at 55˚C after 22 days. The main aim of this study was to evaluate the possibility of using a composting process augmented with the actinomycete Thermobifida fusca as a thermophilic bioremediation option for the degradation of cellulose and phenolic compounds in creosote treated wood waste.The focus in this study was on phenolic compounds because extensive studies have been conducted on PAHs, but few reports were found in the literature on phenolic compounds.
Experimental Apparatus
The experiments were carried out in a specially designed three bioreactor composting system (Figure 1) . The bioreactors were horizontally fastened into a main frame. Each bioreactor was made of polyvinyl chloride cylinder (PVC/711, IPS Corporation, Gardena, Canada) and had an inside diameter of 203 mm, a length of 520 mm and a wall thickness of 5 mmwhich provideda space for 3.5 kg (wet-basis) of the compost mixture plus 25% of the volume as a head space (Figure 2) . A fixed circular PVC plate of 203 mm diameter and 6 mm thickness was glued intothe back end of the cylinder. A removable circular plexiglas plate of 203 mm diameter and 6 mm thickness was installed on the front end of the cylinder. A circular window of 64 mm diameter was left on the removable circular plate for sampling purposes (Figure 2) . The window was closed with a rubber stopper (No. 13) when it was not in use. The cylinders were insulated with a 38.1 mm thick fiberglass while the removable circular plates were insulated with a 38.1 mm thick Styrofoam layer.
Each bioreactor had three holes at the bottom for supplying air to the bioreactor. A hole at the top was used for the exhaust gas. The pressure regulated air passed through a desiccator and then through a flow meter (No 32461-14, Cole-Parmer Instrument Company, Vernon Hills, Illinois, USA). The flow meter had a 10 cmscale and a range of 0.0566 -0.566 m 3 /h. The exhaust gas passed through a scrubber containing waterto remove aerosol and water soluble organic compounds, then through another scrubber to remove any airborne PAH compounds.
A removable 10.5-mm diameter solid stainless steel shaft was mounted on two bearings inside each bioreactor (Figure 2 ). There were 5 stainless steel collars on the shaft on each of which, a bolt of 69 mm length and 6 mm diameter was mounted. A thermallyprotected electric motor (Model No. 127P1486/B, D.C., Sigma Instruments, Braintree, Massachusetts, USA) was used to rotatethe mixing shaft (5.76 rpm).
The data acquisition unit consisted of a master unit (Multiscan 1200), thermocouple/volt scanning card (MT-C/24) and Tempviewsoftware(Omega, Stamford, Connecticut, USA). The temperature sensors (type T thermocouples, Cole Parmer, Chicago, Illinois, USA) were inserted through specially constructed fitting on the bottom of the bioreactors and were located far enough from the inlet air holes (65 mm away) to minimize the influence of inlet air temperature. A personal computer was used to run the data acquisition system and store the data. 
Degradation of Phenolic Compounds in Creosote Treated Wood Waste by a Mixed Microbial
Culture Augmented with Cellulolytic-Thermophilic Actinomaycets Thermobifida fusca 86
Preparation of Inoculums
Thermobifida fusca (ATCC BAA-630) was obtained from the American Type Culture Collection (Manassas, Virginia, USA) andused as inoculum in one of the experiments. The procedure for preparing the inoculum is presented in Figure 3 . Slants and Petri dishes were made using TYG agar medium and TYG broth medium was used as liquid medium. The recipe for TYG agar medium and TYG broth medium is listed in Table 1 . The freeze dried culture was hydrated in TYG broth and then plated on TYG agar. Both were incubated (Isotemp ® oven, Model 106G, Fisher Scientific, Hampton, New Hampshire, USA) at 50˚C. After 3 days, small hard and compact colonies with white color start forming on the TYG agar (Figure 4(a) ). After 4 days, Thermobifida fusca produced the aerial hyphae with branched sporophores and at the tip of each a single spore forms (Figure 4(b) ). Spore suspension of Thermobifida fusca was prepared by cutting 1 cm 2 Petri dish culture into 25 ml sterile TYG broth medium. The inoculated broth was incubated (Isotemp ® oven, Model 106G, Fisher Scientific, Hampton, New Hampshire, USA) at 50˚C for 48 h. Colony forming units (CFU) were obtained using the plate count method [21] . An amount of 5 ml media containing the CFU of 1.0 × 10 6 /ml was transferred into Fernbachflasks containing 250 ml of liquid cultural media and agitated on rotary shaker (Series G-25 Incubator Shaker, New Brunswick Company, New Jersey, USA) at 120 rpm and 50˚C for 48 hours. The final cultureswere used as inoculums in the experiment in the amount of 10% (by weight) of composting materials.
Experimental Protocol
A summary of the experimental procedure performed on creosote treated wood waste samples and the various parameters measured during the treatment process is presented in Figure 5 . Approximately 3.5 kg of the final mixture were placed in each bioreactor. Two experiments were carried out: 1) a control experiment with no Thermobifida fusca and 2) an augmented experiment with Thermobifida fusca inoculum added to the mixture. Each experiment lasted for 15 days and three replicates were conducted for each experiment using the three bioreactors simultaneously. The pressure-regulated air was supplied continuously to the bottom of the bioreactor and the air flow rate was measured by a flow meter (No 32461-14, Cole-Parmer Instrument Company, Vernon Hills, Illinois, USA) and adjusted to 0.05 m 3 /h. The temperature was monitored throughout the process and the data was stored in a Microsoft Excel ® file in the computer every 30 min. An amount of 36 ml used cooking oil were added into each bioreactor every 12 h as a source of bioavailable carbon as recommended by Alkoaik [22] . The pH and moisture content were monitored. The quality, stability and maturity of the end product were evaluated by quantifying C:N ratio, pH, CO 2 evolution, phytotxicity, degradation of cellulose and lignin and the degradation of phenolic compounds.
Experimental Analyses

Moisture Content and pH
The moisture content (MC) was measured following the ASTM (D4442-07) oven-drying method [23] . Slurry contained about 10 g of material and 50 ml distilled water was used to measure the pH using a pH meter (Fisher Accumet ® , Model 805 MP, Fisher Scientific, Montréal, Quebec, Canada). 
Total Carbon
Solids
The solids analyses were performed according to the procedures described in the USEPA Method 1684 [24] . Ash contents were determined by burning samples (approximately 1 g) in muffle furnace (Isotemp ® Muffle Furnace, Model 186A, Fisher Scientific, Montréal, Quebec, Canada) at a temperature of 550˚C for 20 minutes.
Total Kjeldahl Nitrogen
The total kjeldahl nitrogen (TKN) wasdetermined at Maxxam Analytical Testing Laboratory (Mississauga, Ontario) following the procedure of USEPA Method 351.2 [25] .
Phenolic Compounds
Phenolic compounds were extracted from 3 g material with 50 ml deionized water and centrifuged for 20 min at 2400 rpm. The supernatant was vacuum filtered through a 0.4 μm polycarbonate filter paper (Fisher Scientific, Montreal, Quebec, Canada) as described by Chantigny et al. [26] . The supernatant was transferred into a flask and analyzed for the presence of phenolic compounds using the 4-aminoantipyrine colorimetric test following the ASTM procedure [27] . The absorbance was measured at 510 nm using spectrophotometer (Spectronic 601, Milton Roy, Ivyland, Pennsylvania, USA). A standard curve was developed as shown in Figure 6 .
The Germination Index (GI)
The germination index (GI) was measured following the procedure described by Jiang et al. [28] . About 10 g of final compost sample were mixed with 100 mL distilled water. Ten cress seeds (Lepidiumsativum L.) were placed on the filter paper (Whatman ® 40, Whatman Inc., Clifton, New Jersey) in a sterilized Petri dish. Then, 5.0 ml of the extract was transferred into the filter paper. Three replicates were carried out for each sample. The Petri dishes were incubated at 25˚C in the dark for 48 hours. The results were evaluated by counting the number of germinated seeds and measuring the length of roots. The germination index (GI) was determined as follows:
 
Seed germination % Root length of treatment(cm) GI(%) 100 (1) Root length of control(cm)
CO 2 Evolution
CO 2 evolution was determined as described by Benito et al. [29] . Approximately 25 g of the final compost were pre-incubated at room temperature for 3 days. The moisture content was adjusted to 60% and each sample was separately sealed in containers containing a beaker with 10 ml of 1 MNaOH solution. The samples were incubate at 25˚C andthe CO 2 generated was determined by titrating NaOH solution with 1 MHCl solution every day for 5 consecutive days. The rate of CO 2 evolution was calculated as mg C-CO 2 per gram compost per day.
Cellulose and Lignin Contents
The cellulose and lignin contents were measured following the AOAC Standard Methods [30] for acid detergent fiber (ADF) and acid detergent lignin (ADL). Cellulose was estimated as the difference between ADF and ADL. Lignin was estimated as the difference between ADL and ash content as described by Yu et al. [31] .
Results
Temperature
The average ambient temperature and the temperatures of the control experiment and the Figure 7 . The room temperature was stable at around 23˚C ± 1˚C. The peak temperatures for control and the inoculated experiments were 51.9˚C and 52.0˚C, respectively. The temperature was maintained above 45˚C for 71 and 99 h and above 40˚C for 170 and 186 h for the inoculated and control experiments, respectively. Accumet ® , Model 805 MP, Fisher Scientific, Montréal, Quebec, Canada).
Moisture Content
The moisture content decreased gradually during the bioremediation process as shown in Figure 8 . The final moisture contents for the control and inoculated experiments were 42.9% and 43.8%, respectively. 
pH
The pH measurements are shown in Figure 9 . The initial material was acidic (a pH of 6.0) which changed to basic after the first week (8.5 for the control and 7.4 for the inoculated experiment) and then decreased to a weak acidic (5.5 for the control and 6.8 for the inoculated experiment).
Solids
The volatile solids and ah contents are presented in Figure 10 . The initial volatile solids and ash contents of the material were 805 ± 10 g/kg material and 195 ± 12 g/kg material (dry basis), respectively. The ash content remained unchanged till the end of the bioremediation process. The volatile solids content decreased to 775 ± 12 and 776 ± 14 g/kg material (dry basis) with reductions of 3.7% and 3.6% for the control and the inoculated experiments, respectively.
Total Carbon
The total carbon content is shown in Figure 11 . The initial total carbon of the mixture was 392 g/kg material (dry basis). The final total carbons for the control and the inoculated experiments were the same as 358 g/kg material (dry basis) resulting in total carbon reduction of 8.7%.
Total Kjeldahl Nitrogen
The total kjeldahl nitrogen (TKN) results are shown in Figure 12 . The initial TKN was 24.94 g/kg material (dry basis) which decreased to 12.5 and 11.9 g/kg material (dry basis) resulting in TKN reductions of 50.2% and 52.6% for the control and the inoculated experiments, respectively.
C:N Ratio
The C:N ratio ( Figure 13 ) was calculated from total carbon and total kjeldahl nitrogen data. The initial C:N ratio of the mixture was 15.6:1 which increased to 28.6:1 and 30.1:1 for the control and the inoculated experiments, respectively. This was due to the rapid consumption of nitrogen by microorganisms (to metabolize bio-available carbon for cell growth and energy production).
Phenolic Compounds 5.9. Lignocellulose
The initial concentration of PC was 0.222 ± 0.010 mg/g material (dry basis). The concentration of PC decreased gradually in both experimental trials, reaching the same final concentration of 0.058 mg/g material (dry basis) as shown in Figure 14 . Approximately, 73.9% of the phenolic compounds were degraded in 15 days.
The results of the degradation of cellulose and lignin are shown in 
Maturity and Stability Tests
The maturity and stability of the final product were evaluated by analyzing the CO 2 evolution (as mg of CO 2 -C/g VS-day and mg of CO 2 -C/g C-day), the germi-nation rate (GR) and the germination index (GI) of the final products. The results are shown in Table 3 . The CO 2 evolution rates from the final products were 3.18 and 3.21 mg CO 2 -C/g VS-day for the control and inoculated experiments, respectively. The initial GI values were 0% and 1% for the control and the inoculated experiments which improved significantly after 15 days reaching 20% and 19% for the control and inoculated experiments, respectively. 6. Discussion
Temperature
The fluctuation in the temperature during the thermophilic phase (between 40˚C and 50˚C) was caused by opening the sampling port every 12 hours for adding the used cooking oil (bio-available carbon). The thermal energy lost from the bioreactors exceeded the energy input from the biodegradation of bio-available carbon in the wood mixture at the end of the experiment which Table 3 . CO 2 evolution, germination rate and germination index. Degradation of Phenolic Compounds in Creosote Treated Wood Waste by a Mixed Microbial Culture Augmented with Cellulolytic-Thermophilic Actinomaycets Thermobifida fusca 91 resulted in the decline of temperature. A peak temperature above 50˚C was observed in both the control and the inoculated bioreactors indicating that asuccessful thermophilic phase was achieved. McMahon et al. [32] observed a peak temperature above 70˚C during the composting of a mixture of board waste (C & D wood waste) with poultry manure, green waste and top soil. Ghaly et al. [33] composted a mixture of tomato plant residues, wood shavings and municipal solid waste compost and maintained a peak temperature of 55˚C for 96 h by the continuous addition of used cooking oil as a bioavailable carbon. VanderGheynst et al. [34] composted a synthetic food waste and digested biosolids and reported maximum temperatures of 60˚C after 56 h from the start. The lower temperature achieved in the present study is due to the low bio-available carbon in the cellulosic feedstock and the loss of heat during the sampling periods.
Moisture Content
Water is the media for nutrient transport and biological reactions. It affects the availability of nutrients and contaminants in the micro-environment surrounding the microorganisms. The optimum moisture content for metabolic activity is in the range of 50% -70% [13, 35, 36, 37] and microbial activities are significantly restricted if the moisture content is lower than 30% [38] . Suehara et al. [39] reported moisture contents in a mixture of fresh tofu refuse of 72% which was decreased to 70.5% after 6.5 d of composting. Linag et al. [40] found a moisture content of 50% to be the minimum for microbial activity and a moisture content in the range of 60% -70% provided maximum activities during the composting of biosolids. Lu et al. [41] reported that a maximum temperature and a maximum CO 2 evolution rate were achieved during composting of barley dregs and sewage sludge when the moisture content was kept within the range of 50% -60%. which was not within the optimal range but was still high enough for the composting process to processed.
pH
Initially, slightly acidic pH was observed for the control and the inoculated experiments. The pH of the control experiment increased to 7.9 on the 4 th day and then gradually decreased back to a weak acidic pH (pH 6.5) by the end of the experiment. In the inoculated experiment, the pH increased to a high of 8.7 on the 4 th day and then gradually decreased back to a weak acidic pH (pH 6.2). Sundberg et al. [42] reported inhibition of the microbial activity at a pH below 6.0. Beck-Friis et al. [43] reported an initial decrease in pH due to increased production of short chain fatty acids during the initial phase of household waste composting. Production of these fatty acids results from degradation of easily degradable nutrients such as sugars, starch and fats [37] . In the present study, the decomposition of organic nitrogen and the production of NH 4 caused the initial pH increase while the decomposition of fats and grease resulted in the formation of organic acids that caused the final drop in the pH.
Solids
Volatile solids (VS) include organic matters such as oil and fats which are easily broken down by microorganisms into CO 2 , water and energy [44, 45] . Khan and Anjaneyulu [46] conducted a study on the bioremediation of phenolic compounds and benzene contaminated soil and sediment using a composting technology and reported VS reductions of 42% -48% after 40 days of composting. Lemus et al. [47] reported reduction in volatile solids in the range of 7% -21% in the active phase and 2% -32% in the curing phase during composting of grease trap sludge with yard trimmings and synthetic food waste. In the present study, the wood waste had low bioavailable carbon and 36 ml of the used cooking oil was added into the system every 12 hrs as bio-available carbon source and as a result the reduction in volatile solid was very small (3.6% -3.7%). The ash contents stayed relatively constant.
Total Carbon
The total carbon reductions for the control and the inoculated experiments were 8.7%. Ramaswamy et al. [48] reported a 10% reduction in total carbon during composting of salinomycin (antibiotics) contaminated manure. Kumar et al. [49] used a consortium of three fungi (Aspergillusnidulans, Scytalidiumthermophilum and Humicola sp.) to compost a mixture of silica rich paddy straw and lignin rich soybean trash (1:1) and reported reduction in total carbon content of 36% for soybean supplemented paddy straw and 25% for urea amended and inoculated paddy straw. Tiquia et al. [50] compared turned windrows with unturned windrows during the composting of hoop manure for 42 days and found that the carbon loss in the turned windrow was significantly higher (50% -63%) than in the unturned windrows (30% -54%). The lower reduction of total carbon in the present study may be due to the shorter composting time and lower biodegradability of the wood waste used in the experiment.
Total Kjeldahl Nitrogen (TKN)
The reductions in TKN were more rapid and much higher than the reductions in the total carbon due to the immobilization of NH 4 by microorganisms and the loss of NH 3 with the exhaust gas. However, the rates of TKN reduction for the control and the inoculated experiment were similar which is consistence with the reduction in total carbon. Ramaswamy et al. [48] reported 36% loss in TKN during composting of salinomycin (antibiotics) contaminated manure, which was substantially lower than corresponding loss of 60% in the control. Chen et al. [51] evaluated effects of bamboo charcoal and bamboo vinegar on nitrogen conservation during pig manure composting and reported 10% TKN loss with the addition of vinegar compared to 12.3% TKN loss with addition of charcoal.
C:N Ratio
Wang et al. [52] reported the following reasons for the reduction of the C:N ratio in a biological decomposition system: 1) the organic carbon is oxidizedto CO 2 faster than ammonium is oxidizedto 3 and 2) nitrogen can remain relatively stable if the balance between mineralization of organic nitrogen to NH 4 and the immobilization of NH 4 to organic nitrogen (microbial growth) is maintained during the process. However, C:N ratio is also affected by the initial concentration of nitrogen. With a high initial concentration of nitrogen, the reduction in nitrogen will exceed the reduction in total carbon resulting in higher C:N ratio. Higher nitrogen loss can be associated with higher temperatures and/or a longer thermophilic phase [52] [53] [54] . Lower C:N ratio at initial phase of bioremediation results in significant high emission of NH 3 and losses of nitrogen [13] . Tiquia et al. [54] composted manure with an initial C:N ratio in the range of 9:1-12:1 and reported nitrogen losses of 35% -45% after 42 days. Similar trends were reported by Morisaki et al. [55] and Tiquia and Tam [54] . Sadaka and El-Taweel [56] reported a 33.1% reduction in C:N value with aeration rate of 0.003 m 3 /h/kg and initial C:N of 39:1 during composting of residential waste.Lemus et al. [47] reported 35% -40% reduction in the C:N ratio when composting yard trimmings and 60% -64% reduction when composting synthetic food waste. Li et al. [57] reported 50% reduction in C:N ratio after 12 days of co-composting of poultry litter, municipal solid waste and corn straw. In present study, the C:N ratio increased by 83% and 93% for the control and the inoculated experiments, respectively due to continuous addition of used cooking oil and the rapid consumption of nitrogen by microorganisms for cell growth. 
Phenolic Compounds
The phenolic compounds (PC) were degraded by 73.9% after 15 days of bioremediation in both the control and the inoculated experiments. As indicated by the reduction of volatile solids, total carbon and TKN, similar activity of microorganisms in both experimental trials resulted in the same phenolic compounds reductions. McMahon et al. (10) studied the degradation of creosote components in the C & D wood waste using composting technique. The highest degradation of creosote (66%) was achieved after 10 days with a peak temperature of 45˚C. In present study, the higher degradation of PC was due to the addition of bio-available carbon (used cooking oil) which helped in achieving a higher temperature. Prpich et al. [58] studied the biodegradation of phenolic compounds in contaminated soil. The phenol in the contaminated soil was first absorbed using polymer beads, desorbed in distilled water to a concentration of 365 mg/L and degraded completely by phenol-degrading microbial culture in 10 h.
The degradation of organic substrate can be described with the following first order model [38] :
(2) where:
t is the concentration of the organic substrate at time t (mg/kg); C 0 is the initial concentration of the organic substrate (mg/kg); C k is the rate constant. The value Ln(C t /C 0 ) has a linear relationship with the time t within a given temperature range. The linear relationship between Ln(C t /C 0 ) and time for phenolic compounds was determined graphically for the mesophilic and thermophilic temperature zones as shown in Figure  15 . The rate constant (k) was determined from the slope of the lines ( Table 4 ).The mesophilic rate constant was 
Lignocellulose
Little effect on the degradation of cellulose and lignin was observed during the bioremediation process with the inoculation of cellulolytic thermophilic microorganisms. Petre et al. [59] used two immobilized bacteria species (Bacillus subtilis, Bacillus licheniformis) and a fungus specie (Trichodermaviride) in the bioremediation of cellulosic wastes in a specially designed bioreactor for 240 h and reported cellulose degradations of 25%, 23% and 15% by Bacillus subtilis, Bacillus licheniformis, Trichodermaviride, respectively. The present study resulted in similar degradation of cellulose and lignin but in a shorter period of time. This may be due to the addition of bioavailable carbon (used cooking oil). Crawfod [60] reported 5% -10% reduction in lignin content after 14 days incubation during growth of Thermomonospovafusca on lignocellulosic pulps of varying lignin content and concluded that Thermomonospora fusca wasable to initiate the general decomposition of lignocellulose, but would not be involved in the complete degradation of lignocellulose to CO 2 and H 2 O. Shi et al. [61] tested the effects of surfactants Tween80 andRhamnolipid on the acceleration of composting cellulose-rich waste for 18 days and found reduction rates of 43.5% and 40.5%, respectively.
Maturity and Stability Tests
CO 2 evolution and germination index (GI) of the final product were used to evaluate the maturity and stability of the bioremediation product. CO 2 evolution is a good indicator to determine the level of microbial activity and the stability of compost while GI provides information about the decomposition of phytotoxic organic substances which indicates the maturity of compost. The lower the CO 2 evolution, the more stable the product is, and the higher the GI, the more mature the product is [62] [63] [64] .
There was no significant difference between the control and the inoculated experiments in the GI and CO 2 evolution rate. This indicates that the final products of these experiments have a similar stability. These results correlated well with the reductions in the volatile solids, total carbon, and total kjeldahl nitrogen. Boulter-Bitzer et al. [64] assessed the maturity and stability of different compost products from horse manure, chicken manure, paunch manure, bone meal ash and bark mix. After 217 -231 days of composting, the final products had CO 2 evolution rates of 2.3 -3.5 mg CO 2 -C per g vs per day. In present study, the control and inoculated experiments achieved similar CO 2 evolution rates in much shorter periods. Wu et al. [63] used CO 2 evolution to evaluate the stability of compost products from different composting facilities in Florida. In two groups of samples of stable compost, the CO 2 evolution rates were around 0.5 -0.8 mg CO 2 -C per g vs per day in one group and 5.7 mg CO 2 -C per g vs per day in another group. These results indicated that GI of the products in both trials were not free of phytotoxicity. However, CO 2 evolution rate of both trials indicated the stability of the products. The pH of both products were 5.5 and 6.8 which were within the range of 5 -7 for stable compost.
Conclusion
The temperature of the control and the inoculated experiments reached the thermophilic phase (>45˚C). Lag phases were clearly identified during the temperature increase for the mesophilic phase and thermophilic phase. The moisture content decreased in both experiments because the water produced by microbial respiration did not compensate for the water lost as vapor with the exhaust gases. The final moisture content remained around 43% which is within the optimum range for composting of 40% -60%. The fluctuation of pH during the composting was due to the breakdown of organic nitrogen to ammonium at first and the formation of organic acids from decomposition of fats and grease and the loss of ammonium with the exhaust gases in the latter stage. Different degradation rates were observed in the mesophilic and thermophilic stages of composting. Both trials achieved similar reductions in volatile solids, total carbon and TKN indicating similar levels of microbial activities during the bioremediation process. As a result, similar degradation of phenolic compounds, cellulose and lignin were observed in both experiments. The stability and maturity of the product of both experiments were comparable as well. The inoculation of cellulolytic and thermophilicactinomycetes Thermobifida fusca did not accelerate the bioremediation process in degrading phenolic compounds and showed no effect on the environmental factors during the bioremediation process.
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